ferent uptake kinetics, faster extension rate, chemical alteration of the rhizosphere-hyphosphere, increased
esized that AM fungi have a role in maintaining its protant role in arsenic accumulation by Chinese brake fern. Therefore, ductivity and may contribute significantly to plant arto effectively phytoremediate As-contaminated soils, the mycorrhizal senic uptake. Our objective was, therefore, to evaluate status of ferns needs to be taken into account.
the effect of AM fungal colonization on As and P uptake by Chinese brake fern. We tested a community of AM fungi from an As-contaminated site in north-central A rsenic is extremely toxic yet Chinese brake fern Florida over a range As and P concentrations. (Pteris vittata L.; Ma et al., 2001 ) and several other fern species (Raab et al., 2004; Meharg, 2003; Zhao MATERIALS AND METHODS et al., 2002) are known to be active hyperaccumulators
The completely randomized factorial experiment had five of this element. The mechanism of As accumulation and replicates per treatment combination and consisted of three tolerance in these plants is not fully known, but it is applied As levels (0, 50, and 100 mg kg Ϫ1 ), three applied P reasonable to expect that mycorrhizal symbiosis is inlevels (0, 25, and 50 mg kg Ϫ1 ), and inoculation or no inoculavolved. Arbuscular mycorrhizal (AM) fungi have a welltion with a community of mycorrhizal fungi from an As-condocumented role in increasing plant uptake of phostaminated site. The study was conducted in a greenhouse from phorus (P) and other poorly mobile elements (Smith 25 May to 21 Aug. 2003 with mean maximum and minimum and Read, 1997), and are recognized as important comtemperatures, respectively, of 32 and 18ЊC, and mean maximum photosynthetic photon flux density (PPFD) of 1235 mol ponents of phytoremediation strategies for heavy metals m Ϫ2 s Ϫ1 . (Khan et al., 2000) . Both As and P belong to the same The AM fungal community inoculum was obtained from chemical group (V A elements) and thus have similar the abandoned copper-chromium-arsenic (CCA) wood treatgeochemical behavior (Meharg et al., 1994; Adriano, The fundamental explanation for improved uptake (Ma et al., 2001) . Soil samples were collected randomly from of poorly mobile elements by AM plants is that they the surface 20-cm depth, sieved through a 1-cm pore-size have a better distributed absorbing surface area in the screen, and mixed before use as inoculum in the experiment. 1982); and a particle size distribution of 94% sand, 3.6% silt, and 1.7% clay (Day, 1965) . This mixture was pasteurized twice tion, portions of the potting medium were amended with sodry root ratio was used to estimate the total dry mass of the root sample. dium arsenate (Na 2 HAsO 4 ·7H 2 O) and potassium phosphate (KH 2 PO 4 ) to achieve treatment concentrations and left to equiGround fronds and roots (20-mesh) were digested with concentrated HNO 3 and deionized H 2 O (1:1, v/v), followed by librate for 1 wk.
To prepare the mycorrhizal inoculation treatments, the pot-30% H 2 O 2 for As determination (USEPA, 1983) or with HNO 3 , H 2 SO 4 , and 30% H 2 O 2 for P determination (Olsen and Sommers, ting medium was amended with fresh or autoclaved CCA soil in a ratio of 15 to 1. The autoclaved soil was further amended 1982). The As concentration was determined using a graphite with a microbial filtrate (Ͻ20-m pore size) from the fresh furnace atomic absorption spectrophotometer (SIMMA 6000; CCA soil to reintroduce a portion of the microbial community PerkinElmer, Wellesley, MA) and P concentration was deterother than AM fungi (Ames et al., 1987) . The materials were mined using a colorimetric assay (Murphy and Riley, 1962) mixed thoroughly and 1.5 kg of each medium was placed in adapted for a microplate reader (Model 550; Bio-Rad, Hersterilized 1.5-L experimental potting units. To ensure nonmycules, CA). In both analyses, blanks and internal standards corrhizal plant production the ferns were initiated from spores were included for quality assurance. Translocation and bioconthat were placed on sterilized sandy soil at room temperature centration factors of As in Chinese brake fern were calculated and incubated in diffuse natural light for several weeks. Unibased on the arsenic concentration ratio of fronds to roots form plants consisting of five to six fronds were selected and and the arsenic concentration ratio of plant to soil (native soil one plant was placed in each experimental unit. A dilute (10% As concentration plus amended value), respectively. strength for all nutrients except P which was at 1% strength) A general linear model was applied to the data to test for Hoagland's solution (Hoagland and Arnon, 1938) was applied the main effects and their interactions on all response variables to the pots on a weekly basis and plants were watered with using PROC GLM (SAS Institute, 2003) . Population normaldeionized water as needed.
ity was tested for each variable before using parametric statisAt harvest, percentage root length colonized by AM fungi, tics for comparisons and testing. frond and root dry masses, and As and P concentrations were determined. Fronds were cut at the soil surface and dried at 65ЊC for 48 h. Roots were removed from the potting medium
RESULTS AND DISCUSSION
by washing the root ball over a coarse sieve, and fresh masses Root length colonized by AM fungi ranged from 10 were determined. Subsamples of 0.5 g were removed from the to 42% in treatments receiving the community inoculum roots, cleared and stained for mycorrhizal observation, and (Fig. 1A-1C) . Increasing P concentration generally requantified by a gridline-intersect method (Sylvia, 1994) , while the remainder of the root samples were dried. The fresh to duced AM colonization, while increasing As concentra- 
Fig. 2. Effect of As and P amendment (mg kg Ϫ1 ) on As accumulation by Chinese brake fern (Pteris vittata L.) grown in the presence (᭹) or absence (᭺) of mycorrhizal inoculum; frond concentration (A-C) and content (D-F) and root concentration (G-I) and content (J-L). Data points represent means of five replicates Ϯ SEM.
tion tended to increase percentage colonization. The tive effect on frond dry mass at the highest level of As amendment and with addition of phosphorus ( Fig. 1D systems of noninoculated plants had no evidence of AM fungal colonization. 1F, Table 1 ). In contrast, mycorrhizal treatments did not significantly affect root mass in the presence of increasMycorrhizal colonization had a significant and posi- ing levels of As and P (Fig. 1G-1I ). Sufficient biomass and 50 mg P kg Ϫ1 (Fig. 2F ). This implies an important role for mycorrhizae in enhancing plant As accumuproduction is essential for successful phytoremediation employing hyperaccumulator plants (Kramer and Char- lation in soils with high As contamination. Arsenic concentration and content in the roots were donnens, 2001). The fact that mycorrhizal colonization significantly increased the biomass of Chinese brake not significantly affected by mycorrhizal colonization (Table 1) and were either positively affected by As fern at high As levels suggests that inoculation with mycorrhizae may be a viable technology to improve the amendment (Fig. 2G-2I ) or more variable (Fig. 2J, 2L ), reflecting the results observed for root mass. It has been efficiency of plant arsenic uptake.
Mycorrhizal colonization did not affect frond As conwell documented that frond concentration of As in Chinese brake fern is substantially greater than root concentration in Chinese brake fern at treatments levels of 0 or 50 mg As kg Ϫ1 . However, As concentration was centration (Ma et al., 2001) , and our experiment confirms these results with a 100-fold greater concentration consistently increased at As concentration of 100 mg As kg Ϫ1 ( Fig. 2A-2C ), resulting in an average increase in the aboveground portion than the roots of the plant. In the absence of applied As, P concentrations and in the fronds of nearly 100% over the nonmycorrhizal controls across the range of P amendment. The total contents in the fronds and roots increased significantly with increasing P amendment (Fig. 3A, 3D , 3G, and 3J). content of As in the fronds followed a similar trend with little effect at lower As levels, but a significant Furthermore, the P concentrations and contents in the fronds were greater in mycorrhizal plants, while the opincrease at the highest As amendment (Fig. 2D-2F) . Furthermore, As accumulation increased with increasposite was found for the roots. Mycorrhizae apparently enhanced P transport from the roots to fronds. ing P levels. For example, the As content was approximately five times greater with mycorrhizae than without
In treatments amended with As, the effects of mycorrhizae on plant P concentrations as well as contents mycorrhizae in the soils amended with 100 mg As kg were more varied. In the medium amended with 50 mg in the increase of aboveground biomass and As accuAs kg Ϫ1 , with increased P levels, P concentrations and conmulation, translocation, and bioconcentration by Chitents in the fronds were increased whereas those in roots nese brake fern. Our results, however, differ markedly stayed nearly constant (Fig. 3B, 3E , 3H, and 3K). In from studies of As-mycorrhizal interactions in other the medium amended with 100 mg As kg Ϫ1 , the opposite plants. For example, Knudson et al. (2003) found that was true with the exception of frond P content (Fig. 3C , AM fungal colonization of basin wildrye [Leymus cine-3F, 3I, and 3L).
reus (Scribn. & Merr.) Á . Lö ve] had no affect on As Increasing P levels decreased As translocation from accumulation. In a very different system, Sharples et al. the roots to fronds (Fig. 4A-4C ) and also decreased As (2000a As ( , 2000b reported that an ericoid mycorrhizal asbioconcentration factors (Fig. 4D-4F ). Overall, mycorsociate of Calluna selectively accumulated P over As, rhizae increased bioconcentration factors (Table 1) , but acting as a filter to maintain low plant As levels. the magnitude was greatest in the nonamended medium Plentiful biomass production is critical for commerdue to the low native As concentration. Bioconcentracial application of Chinese brake fern because it will detion factors of As in mycorrhizal compared to the noncrease the number of ferns required to complete the remycorrhizal Chinese brake fern were increased threemediation of a given site. Our data support the first two fold in treatments that received no As and twofold in steps described by McGrath and Zhao (2003) on hypertreatments that received 100 mg As kg Ϫ1 . accumulation processes, which include root uptake, rootOur research on Chinese brake fern supports the preto-shoot transport, complexation with chelating molevious observations (Meharg and Cairney, 1999; Gon- cules, and compartmentalization into cell vacuole. The zalez-Chavez, 2000; Sharples et al., 2000a Sharples et al., , 2000b ) that role of mycorrhizal fungi and other rhizosphere microplants growing in As contaminated soils are mycorrhiorganism in As speciation as well as cell storage mechazal. One of the principal roles for mycorrhizal fungi is nisms of Chinese brake fern should be the objectives to obtain P for their hosts (Smith and Read, 1997) ; of future investigation. however, this may become a problem when soil has high Mycorrhizal fungi that significantly increase Chinese As concentrations. Our results are also consistent with brake fern growth and As uptake may compete well with those reported by Wang et al. (2002) on the interactions engineered bacteria for bioremediation because bacteof As and P in plant uptake. We observed that addition ria required the addition of sufficient nutrients to ensure of As to the soil affected plant P concentration while their success (French and Rosser, 1999) . Even though our addition of P affected plant As concentration, thus supresearch validates the role of mycorrhizae in enhancing porting the evidence that arsenic uptake by Chinese plant growth and As uptake, we concur with Wang et al. brake fern is via P transport systems. (2002) that the mechanisms responsible for As hyperThe hyperaccumulation status of Chinese brake fern accumulation in Chinese brake fern are still unclear. has been extensively reported in the literature (Cao Based on the results of this study, it can be concluded et Lombi et al., 2002; Ma et al., 2001; Tu and that the mycorrhizal status of ferns used for phyto Ma, 2003) . However, previous studies have not adremediation of As-contaminated soils should be taken dressed the role of AM fungi in As uptake by ferns. Our data indicate that AM fungi have a significant role into account.
